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Simultaneous measurement of both neutrons and charged particles emitted in the reaction
64Zn + 64Zn at 45 MeV/nucleon allows comparison of the neutron to proton ratio at midrapidity
with that at projectile rapidity. The evolution of N/Z in both rapidity regimes with increasing
centrality is examined. For the completely re-constructed midrapidity material one finds that
the neutron-to-proton ratio is above that of the overall 64Zn + 64Zn system. In contrast, the
re-constructed ratio for the quasiprojectile is below that of the overall system. This difference
provides the most complete evidence to date of neutron enrichment of midrapidity nuclear matter
at the expense of the quasiprojectile.
PACS numbers: 25.70.Lm,25.70.Mn
The density dependence of the asymmetry term for
nuclear matter is a topic of considerable interest [1, 2].
Based on thermodynamic considerations it is possible for
the binary nuclear fluid to fractionate into a proton-rich
high density phase and a neutron-rich low density phase
[1]. A manifestation of the density dependence of the
asymmetry term from a kinetic perspective would involve
the preferential transport of neutrons as compared to pro-
tons (“isospin diffusion”) when two heavy nuclei collide
[3, 4, 5]. The overlapping tails of the two colliding nuclei
leads to a low-density region into which the preferential
flux of neutrons may occur. Neutron enrichment of the
low density phase at midrapidity in comparison to the
high density phase at the projectile and target rapidity
might be a result of the density dependence of the asym-
metry term. Following the contact phase of the collision,
larger surface-to-volume ratio for transiently deformed
reaction partners may also result in the preferential emis-
sion of neutron-rich clusters in the direction of the con-
tact [6, 7]. Experimental results [8, 9, 10, 11, 12, 13] show
that light particles and fragments emitted at midrapid-
ity exhibit a neutron enrichment compared to the quasi-
projectile (QP) or quasi-target (QT) in mid-peripheral
collisions. Results with free-neutron detection aiming to
reconstruct completely the midrapidity material (MRM)
[14] have been obtained in the reaction 129Xe+natSn at
40 MeV/nucleon. The conclusions of the authors were
that, on average, the MRM and the bulk system have
an indistinguishable value of their N/Z ratios [14]. In
a recent analysis, also with free-neutron detection, re-
sults obtained for the 58Ni+58Ni at 52 MeV/nucleon [15]
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show that the N/Z ratio of the QP is below the ratio
of the initial system and that the MRM ratio could be
above the ratio of the initial system. Both experiments
used different experimental setups to match neutron and
charged particle data. In the present article, we report
on an experimental evaluation of the MRM and QP N/Z
ratios made using a single setup which should allow a
more precise measurement of the N/Z ratios.
To examine the potential neutron enrichment of
midrapidity nuclear matter we elected to study a
symmetric projectile-target system thus eliminating any
initial driving force towards N/Z equilibration. The
experiment was performed at the Cyclotron Institute of
Texas A&M University where a 64Zn beam, accelerated
to 45 MeV/nucleon, bombarded a self-supporting 5
mg/cm2 64Zn target. Charged reaction products were
detected with the FIRST array, consisting of three
annular telescopes denoted T1 (270µm Si(IP)-1mm
Si(IP)-CsI(Tl)/PD), T2 (300µm Si(IP)-CsI(Tl)/PD),
and T3 (300µm Si(IP)-CsI(Tl)/PD). These telescopes
subtended angles from 2.07◦ to 27.48◦ in the laboratory.
Isotopic resolution was achieved for ions up to Z=12 in
T1, Z=8 in T2, and Z=7 in T3 [16]. Charged particles
emitted at larger angles (36.38◦≤θlab< 51.11
◦) were
detected by LASSA telescopes which provided isotopic
resolution for Z≤6 [17]. Charge identification starts at
Z=3 for T1, Z=2 for T2 and Z=1 for T3. The electronic
trigger required the detection of at least one particle in
FIRST. To detect emitted neutrons, 7 Bicron BC-501A
liquid scintillator cells readout by photomultiplier tubes
were mounted outside the scattering chamber at polar
angles of 27◦, 35◦, 50◦, 63◦, 75◦, 105◦, 145◦. Neutron
energies were determined by time-of-flight measurements
and spectra were corrected for background emission
using a shadow bar technique. Energetic protons at
forward angles were rejected using thin scintillator
paddles placed directly in front of the neutron detectors.
The neutron efficiency of the experimental setup was
determined by using GEANT4 [18] simulations.
We focus on peripheral and mid-peripheral collisions
in which a fragment with Z≥9 and a parallel velocity
(beam direction) larger than the center of mass velocity
(4.5 cm/ns) was detected. The most likely origin of this
large atomic number, Zres, high-velocity fragment is the
decay residue of the QP following a non-central collision.
Due to the experimental acceptance the corresponding
residue of the QT is not detected. Nevertheless, due to
the symmetry of the system the average properties of the
QP and the QT are inferred to be the same. In addition,
a multiplicity of 4 charged particles and a total detected
charge of 25 or more, Ztot ≥25 (ZBEAM=30), were also
required to ensure sufficient reconstruction of the QP.
Non-isotopically resolved ions in FIRST were assigned
an average mass based on the initial N/Z of the system
for Z≥29 or on the evaporation attractor line [19].
To compare the N/Z of the QP to that of the MRM
we reconstructed the QP based on the measured residue,
bound clusters (A≥2), and free nucleons. For bound clus-
ters, the QP source reconstruction procedure relies on
three hypotheses [20]: 1) the heaviest fragment selected
as the QP evaporation residue has a velocity close to the
QP velocity, 2) the QP emission is isotropic in its refer-
ence frame and 3) all the particles with a parallel velocity
greater than that of the residue (forward distribution)
were emitted from the QP.
Clusters with a minimum parallel velocity (to min-
imize the contribution originating from the QT) are
attributed to the QP or MRM based on their relative
velocity with the QP. For each cluster-QP residue pair,
the norm of the relative velocity between a cluster and
the residue, Vrel, is calculated. The resulting spectra of
Vrel for hydrogen and helium isotopes with Zres = 14
and Zres = 21 are displayed in Fig. 1. Evident from
these spectra is the fact that backward emission (Vrel
<0) is favored over forward emission (Vrel >0). This
result is consistent with previous work [8, 21, 22].
To facilitate this comparison the distribution for Vrel
>0 has been reflected, consistent with the isotropic
decay hypothesis of the QP. A striking feature of these
spectra is that the enhancement of yield for Vrel < 0
is particularly evident for neutron rich clusters such
as 6He as compared to 3He [9, 10]. Deuterons and
tritons also exhibit a strong preference for the backward
direction. Based upon such experimental Vrel spectra,
probability tables for attributing a cluster to the QP are
constructed. For particles emitted forward of the QP
residue the attribution probability is taken to be unity
while the probability for backward emitted particles
(parallel velocity less than that of the QP residue)
the attribution probability is obtained by dividing the
forward Vrel distribution by the backward distribution.
The attribution probability, for each cluster, obtained
in this manner depends on both Vrel and Zres and is
FIG. 1: (Color online) Total relative velocity between a clus-
ter and the QP residue, Vrel, backward distribution (clear)
and forward Vrel distribution backward-reflected (shadowed)
for Z=1 isotopes coupled with a QP residue of Z=14 (upper
panel) and for Z=2 isotopes coupled with a QP residue of
Z=21 (lower panel).
applied on an event-by-event basis. This approach to
re-construct the QP has been previously applied to
simulations of the collision (DIT+GEMINI [23, 24])
and has been shown to correctly attribute more than
85% of the particles emitted in mid-peripheral and
peripheral collisions [20]. Further details about the
reconstruction method and its efficiency are given in
Ref. [20, 25, 26, 27]. Backward emitted particles that
were not assigned to the QP belong to the MRM if
their parallel velocity is greater than 2 cm/ns in the
reference frame of the QT, which is moving at velocities
determined in the proton multisource analysis.
In order to attribute protons and neutrons to the QP
and MRM, the average proton and neutron multiplicities
were extracted for three classes of events namely Zres
= 9 − 13, 14 − 18 and 19 − 26. It has been previously
FIG. 2: Multisource fit for free neutrons (upper panel) and
free protons (lower panel) at selected angles. Selected cen-
trality classes defined with the charge of the QP residue are
shown. QP (dashed lines), QT (dotted lines), MRM (dotted-
dashed lines) and total (full lines) contributions are illus-
trated.
shown that Zres is correlated to the excitation energy per
nucleon of the QP and is thus a reasonable measure of
the centrality of the collision [28, 29]. Proton multiplici-
ties are obtained via a moving source analysis of energy
spectra at θlab=17
◦, 24◦, and 43.7◦ while neutron multi-
plicities were extracted from a moving source analysis of
the background and efficiency corrected energy spectra
at 7 angles. Energy spectra at all angles are fitted simul-
taneously with the emission from three sources, QP, QT
and a midrapidity “source”, although the neutron spec-
tra and proton spectra are treated independently. The
midrapidity source, though perhaps not a single physical
statistical source, is necessary to describe the dynami-
cal nucleon emission at midrapidity that contributes to
the N/Z of the MRM. Each source is characterized by a
temperature parameter T , velocity Vs, Coulomb barrier
Bc (protons) and a normalization factor N , related to
its multiplicity. The nucleon energy (E) distributions are
fitted under the assumption of surface emission for the
QT and QP sources and volume emission for the MRM
by [28, 29, 30, 31, 32]:
(
d2σ
dΩdE
) =
N
kT i
(E −Bc)
j exp[−(E −Bc)/T ] (1)
where (i,j,k)=(2,1,4pi) in the case of surface emission
and (i,j,k)=(3/2,1/2,2pi3/2) in the case of volume emis-
sion. Based on the symmetry of the system, it is assumed
that QP and QT have the same multiplicity, tempera-
ture, and Coulomb barrier while the velocity of the MRM
is fixed at the nucleon-nucleon center of mass velocity (4.5
cm/ns). The spectra associated with the three sources is
transformed to the laboratory frame. Fig. 2 presents the
results of the multisource fits for protons and neutrons at
selected centrality classes and angles. As can be seen in
these representative spectra the multi-source fits provide
a reasonably good description of the measured energy
spectra. The somewhat poor description of the high en-
ergy tail for the proton spectra at θlab= 43.7
◦ is due to
a decreased triggering efficiency for fast protons in the
LASSA telescopes. However, the uncertainty associated
with the limited experimental data does not significantly
effect the multiplicity associated with the QP and MRM.
The parameters extracted from the multisource fits are
presented in Table 1.
In Fig. 3, the dependence of the extracted proton and
neutron average multiplicities on the quantity (Zproj -
Zres) is shown. This difference in atomic number is used
as a measure of the centrality of the collision, with in-
creasing (Zproj - Zres) associated with increasing cen-
trality. Evident in Fig. 3 is the slight increase (decrease)
of the proton multiplicity for the MRM (QP) with in-
creasing centrality. Measured MRM proton multiplicities
are between 1.47 and 1.96 protons/event while QP pro-
ton multiplicities range from 1.51 to 0.93 protons/event.
QP neutron multiplicities are between 0.81 and 0.95 neu-
tron/event and are nearly equal to QP proton multiplici-
ties for the most central collisions studied, a result consis-
tent with the statistical decay of a nearly N=Z QP at high
excitation. In contrast, the MRM neutron multiplicity
increases from 2.22 to 3.25 neutrons/event with increas-
ing centrality and is larger than MRM proton multiplic-
ity. The QP is significantly larger in size (see Fig. 4) and
presumably at near saturation density. Coulomb barrier
suppresses QP statistical proton emission as compared
to neutron emission from the QP. Nevertheless, the neu-
tron multiplicity extracted for the MRM is two to three
times larger than for the one associated with the QP. The
extracted multiplicities were linearized as shown in Fig.
3 in order to provide a continuous relation between the
multiplicities of free nucleons and centrality. Error bars
extracted from the optimization are shown.
Evident in the top panel of Fig. 4 is the dependence of
the atomic number of the reconstructed QP and MRM
(free nucleons, particles and all heavier fragments) on
centrality. With increasing centrality the size of the QP
decreases from Z≈28 to Z≈21 while the size of the MRM
Zres TMRM (n/p) TQP (n/p) VQP (n/p) Bc Mn (QP/MRM) Mp (QP/MRM)
9-13 10.9/7.7 2.7/4.3 8.1/7.8 0.06 0.95/3.25 0.93/1.73
14-18 10.7/6.8 2.0/3.7 8.4/8.1 0.38 0.84/2.95 1.01/1.96
19-26 10.5/6.5 2.2/2.7 8.4/8.4 1.00 0.81/2.22 1.51/1.47
TABLE I: Source parameters (T(MeV), V(cm/ns), Bc(MeV), M(nucleons/event)) extracted from the multi-source analysis
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FIG. 3: Free neutron (upper panel) and proton (lower panel)
average multiplicities as a function of the projectile charge
minus the average QP residue charge. QP (dots) and MRM
(squares) multiplicities are illustrated. Solid lines are fitted to
the obtained values and dashed lines to the upper and lower
uncertainties.
increases from a value of Z≈5 to Z≈8. The decrease in
the size of the QP is associated with an increase in the
emitted charge. For peripheral collisions, Zres=25 and
Zemitted=3 while for mid-peripheral collisions Zres=9 and
Zemitted=12, consistent with increased excitation. For
the most central collisions presented, the atomic number
of the QP and MRM are constant.
The average N/Z of the reconstructed QP and MRM
(free nucleons, particles and all heavier fragments) are
displayed in the lower panel of Fig. 4. A clusterized
charge of at least 2 units is required in the MRM to avoid
MRM N/Z ratios computed only with free nucleons. The
value of the N/Z ratio for the MRM (solid squares) in-
creases with increasing centrality from 1.19 (peripheral)
to 1.35 (semi-peripheral). For reference the N/Z of the
system (1.13) is indicated as the dashed line. Over the
entire centrality range examined, the N/Z of the MRM
exceeds the N/Z of the system. In contrast, the N/Z
of the QP (solid circles) is relatively constant over the
same centrality range with a value of ≈ 1.07 ± 0.04,
slightly less than the N/Z ratio of the original system.
The uncertainty in the reconstructed N/Z lies largely
with the uncertainty in the nucleon emission. To assess
this uncertainty we used extreme assumptions regarding
the contribution of free nucleon emission to the N/Z of
the QP and MRM consistent with the measured multi-
plicities displayed in Fig. 3. The maximum (minimum)
neutron multiplicity possible for a particular centrality
was assumed to be associated with the minimum (maxi-
mum) proton multiplicity resulting in the largest (small-
est) N/Z. The uncertainties displayed therefore corre-
spond to the maximum uncertainties on the N/Z due
to the free nucleon multiplicities. Despite the large un-
certainties associated with the N/Z for the MRM, for
mid-peripheral collisions, a clear neutron enrichment is
observed at the expense of the QP. In addition to the
uncertainty associated with the free nucleon multiplic-
ities, tests were conducted to evaluate the uncertainty
associated with the minimal clusterized charge required
in the MRM, the mass of the non-isotopically resolved
fragments, and also the Coulomb influence of the target
on the particles with differing N/Z. In all these tests, a
neutron enrichment of the MRM is observed and the cal-
culated MRM N/Z ratio is between 1.29 and 1.37 for the
most central collisions studied here.
To understand the observed trends in N/Z for the QP
and MRM, we have further examined the N/Z associ-
ated with clusters (A≥2). In the case of the MRM (open
squares), the N/Z is constant with centrality and has a
value close to that of the N/Z of the system. In con-
trast, for the case of the QP (open circles), where we
additionally exclude the QP residue from the calculation
of the N/Z, a centrality dependence is observed. While
for the most peripheral collisions, the N/Z of the clusters
attributed to the QP is approximately 0.9, with increas-
ing centrality this value increases towards 1.05. These
observed trends in N/Z associated with clusters can be
understood quite simply. In the case of the MRM, the
tendency to clusterize at low density is strongly driven
by the alpha particle formation and to a lesser extent
deuteron formation. Formation of these N=Z clusters
dominates all other clusters. Formation of other neutron-
rich clusters, such as tritons and 6He, explains why the
average value of N/Z is larger than unity. Examples of
the relative yield of these light clusters is apparent in
Fig. 1. In the case of the QP, the measured N/Z associ-
FIG. 4: Upper panel: Average charge of the QP and MRM as
a function of the charge difference between the projectile and
the residue. Lower panel: Average N/Z ratios of QP (solid
circles) and MRM (solid squares) as a function of the charge
difference between the projectile and the residue. The open
symbols correspond to the clusters. Thin dotted line: original
N/Z of the projectile and target. Errors due to multisource
fit uncertainty for free nucleons are reported.
ated with clusters is primarily driven by the ratio of 3He
and 4He at low excitation and the emission of heavier
neutron-rich clusters with increasing excitation.
Consequently, the increase in the N/Z for the MRM
stems largely from the preferential free neutrons as com-
pared to free protons and clusters in this regime. One
can therefore conclude from Fig. 4 that, on average,
the QP, and presumably the QT, preferentially trans-
fer a few neutrons to the MRM. While the small number
of neutrons transferred does not change the QP N/Z sig-
nificantly because of it’s large size (21≤ <ZQP> ≤28),
it is a significant change for the much smaller MRM
(5≤ <ZMRM> ≤8). For the presently studied symmet-
ric system, the Coulomb push of emitted particles by
the QP and QT should be roughly equal at midrapidity
thus contributing negligibly to a systematic suppression
of neutron-rich clusters in the MRM. Neutron skin ef-
fects, for elements of the size of the 64Zn, should also be
negligible [33].
In summary, we observed that the average N/Z ratio
of MRM is above the N/Z ratio of the original system for
mid-peripheral reactions of the 64Zn+64Zn system at 45
MeV/nucleon. This neutron enrichment of midrapidity
nuclear material is at the expense of the QP that sys-
tematically has a N/Z ratio below that of the system.
A likely origin for the preferential transfer of neutrons
towards midrapidity is a density dependence of the sym-
metry energy[34, 35].
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